Intravenous injection of Escherichia coli does not produce pyelonephritis in laboratory animals unless there are preexisting urinary tract abnormalities (1). In contrast, normal rats develop pyelitis and pyelonephritis after retrograde instillation of E. Coli (1, 2) . This later experimental model is probably not strictly comparable to retrograde urinary tract infection in man because normal rats, but not normal man, exhibit urethral reflux. However, in man, whether the route of infection is ascending or bacteremic, it is evident that urinary tract lesions decrease the resistance of kidneys to E. coli infection. Since most people who develop E. coli pyelonephritis do not have clinically evident preexisting urinary tract abnormalities, the question rises, are there inapparent renal injuries that may decrease host resistance to the development of pyelonephritis? One possibility that has not been investigated adequately is injury by virus infection.
moderate tubular damage for the same period. The virus-induced lesions of the kidneys predisposed infected mice to develop frank pyelonephritis when E. coli was injected intravenously or was instilled in the posterior urethra. E. coli injected by either route rarely caused pyelonephritis in control mice.
Materials and Methods
Viruses.--Stock mouse adenovirus (FL strain obtained from Dr. W. P. Rowe) was prepared and stored (-20°C) as 50 per cent mouse kidney culture virus in 20 per cent inactivated calf serum (CS): Eagle's basal media (EBM) with antibiotics (AB): 100 micrograms streptomycin and 100 units of peulcillin/ml. Mouse adenovirus was passed through 8-to 12-day-old mice by injecting virus intraperitoneally and harvesting kidneys 4 to 6 days later. Kidney extracts were then used as seed virus for making stock mouse tissue culture virus.
Vaccinia virus (Levaditi strain supplied by Dr. Bernard Briody) was prepared and stored (-20°C) as 20 per cent suspension of infected rabbit testicle in 20 per cent inactivated CS-EBM-AB. On intraperitoneal injection of 25-g mice, the x~60 varied from 0.2 to 0.3/ml of a 10 per cent virus suspension. Titrated on rabbit kidney monolayem, the plaque-forming unitsso (pfuso) was 107.5/0.5 ml.
Herpes simplex (obtained from Dr. T. M. Scott) was prepared and stored (-20°C) as 20 per cent suspension of infected mouse brain in 20 per cent CS-EBM-AB. The intracerebral LI)50 in 25-gin mice was 108/0.03 ml and ~cm:0 was 108.°/0.1 ml in rabbit kidney monolayer tissue cultures.
Viruses recovered from mice were identified by tissue culture neutralization tests. Tissue Culture.-Mouse kidney: kidneys of 8-to 12-day-old mice were ttypsinized, suspended in 10 per cent CS-EBM-AB, and grown in 30 ml plastic flasks and in 16 x 150 ml tissue culture tubes at 36°C. A reproducible plaque method could not be developed for mouse adenovirus, therefore, the virus was titrated using cytopathogenicity end-points (CPE). Usually the virus was added at the time the tissue culture was seeded with kidney cells.
Rabbit kidney: Kidneys of 10-day-old rabbits were trypsinized, suspended in 10 per cent CS-EBM-AB, and grown in 30 mi plastic flasks and in 16 x 150 mi glass test tubes at 36°C. Confluent growth occurred in 4 days. Cultures were used to titrate vaccinla and herpes simplex by CPE or plaque techniques.
Animals.--Swiss mice of varying ages and weights were used as described in the protocol. New Zealand White rabbits were used as described in the protocol.
Immune Sera.--Hyperimmune sera were prepared for adenovirus, vaccinia, and herpes simplex viruses by repeated subcutaneous and intramuscular injection of groups of 2.5 kg rabbits with the respective viruses. Rabbits were bled 6 to 12 weeks after immunization was begun. Serum was separated and stored at -20 °.
Neutralization Tests.--Vaccinia neutralization tests were carried out by the method of Cutchins et al., (11) except that rabbit kidney tissue was used instead of monkey kidney. Adenovirus and herpes simplex neutralization tests were performed in a manner similar to the vaccinia neutralization tests except that serum-virus mixtures were incubated for 50 minutes at 20°C before titration on mouse kidney and rabbit kidney tissue cultures respectively.
Baxteria.--E. coli, used for intravenous or retrograde challenge, was grown for 4 hours in brain-heart infusion broth and titrated in MacConkey agar pour plates. The titers of the cultures varied from 5 X 10 s to 2 X 109 E. coli/ml.
Pyelonephritis Studies.--Intravenous injextion of E. toll: At intervals after the intraperitoneal injection of 10 to 100 million Tcma0 adenovirus, 0.3 ml of an E. coli culture (150 to 600 million E. coli) was injected intravenously into the tail vein of 25-gm mice. Mice were harvested and the kidneys were examined at suitable intervals. Each grossly abscessed kidney was divided into 3 appropriate portions for bacterial assay, virus assay, and histopathologic studies. Normal appearing kidneys were similarly treated. Kidneys of control mice were harvested, assayed, and fixed for histologic stud~, in the same manner.
Retrograde E. coli: At intervals after the intraperitoneal injection of 10 to 100 million Tcms0 adenovirus, 0.5 ml of an E. coli culture (500 million to 1 billion E. coli) was injected into the posterior urethra of male mice using a small polyethylene catheter that had been heated and stretched to a convenient size for insertion into the urethra (with the aid of a wire guide). Appropriate controls were used and kidneys were harvested for virus and bacterial titration, and for pathology as described above.
Titrations and Mstologic examination: Pools of tissue from kidneys with gross pyelonephritis and pools of sections from normal appearing kidneys were titrated and examined in the following manner. For bacterial titration; kidneys were extracted in 0.9 per cent saline with mortar and pestle. Serial 10-fold dilutions were made in 0.9 per cent saline and assayed in pour plates using MacConkey's agar. For virus titration, tissue was extracted in 10 per cent CS-EBM with 200 units of penicillin and 200 micrograms of streptomycin/ml. After slow speed centrifugation, the supematant was removed and titrated in appropriate tissue cultures. For histopathology; kidneys, fixed for I to 2 hours in acetic acid-Zenker's solution, were washed and placed in 10 per cent formalin until sections were made and stained with hematoxylin and eosin.
RESU~LTS

Tissue Culture Cytopathogenicity and Mouse Pathogenicity of Mouse Adeno-
titus.--Mouse kidney tissue cultures, infected with mouse adenovirus, exhibited cytopathogenic changes previously described by Hartley and Rowe (9) . Three to 7 days after infection, focal areas of dark, refractile, rounded cells were seen. Later, the monolayer cells become necrotic. The XClDs0 and the LDs0 of original FL strain and of adenovirus stock used in the reported experiments (prepared by passing the virus alternately, three times, in mouse kidney tissue culture and in infant mice) are reported in Table I . Potent 10 per cent extracts of virus killed 0 to 5 per cent of infected 25-gin mice.
Multiplication and Survival of Mouse A denovirus in Mouse
old, 8-day-old, and 25-gin mice were injected intraperitoneally with mouse adenovirus (2 million xcmr0 in 1-day-old mice and 10 million TClD~0 in older mice). Kidneys were harvested, extracted, and titrated at 1, 4, and 6 days (in the case of 1-day-old mice), and 9 days after adenovirus infection. Adenovirus titers are recorded in Table II . 25 gram mice were observed for longer periods and harvested at intervals. Virus was found to persist for at least 70 days after injection as shown in Table II .
Kidney ttistopathology of Mice Infected with Mouse Adenovirus.--In eight
experiments, kidneys of 25 gm mice infected with adenovirus (10 to 100 million Tcms0) were harvested 4 to 70 days after infection. Kidneys were titrated for virus and examined histologically. In all experiments, virus was present in the kidney in significant amounts as indicated in Table II and histologic changes described below were present. Although no bacteria had been injected into these mice, appropriate portions of the kidneys were extracted and cultured. No bacteria were recovered.
No gross lesions were noted in the kidneys of mice infected only with mouse adenovirus but histologic sections revealed extensive changes. Four days after infection, focal mononuclear cell infiltrates were seen scattered between the tubules in the cortex and the medulla. There was no clear indication whether the lesions first appeared in the cortex or in the medulla. Ten to 25 days after infection, the infiltrates in cortex and medulla had become extensive (Figs. 1 to 3) and areas of tubular epithelial cell necrosis (associated with polymorphonuclear cell infiltrates) were observed (Fig. 4) . Extensive mononuclear perivascular infiltrates were seen. Wedge-like infil-trates of mononudear cells were observed in some tubules deep in the medulla. Focal areas of dilated proximal convoluted tubules were seen in the cortex (Fig. 5) . Colloid casts were present in some of the dilated tubules.
Forty days after infection, interstitial cell infiltrates were generally less extensive but perivascular infiltrates were still prominent. Areas of dilated tubules were present. Occasional groups of very large dilated tubules, surrounded by mononuclear cells, were seen at the cortical surface. Patchy areas of thin walled tubules and small vessels were seen in the medulla. Mter 70 days, interstitial and perivascular infiltrates, tubular dilatation in cortex and medulla, and patchy areas of thin walled tubules and capillaries in the medulla were still noted (Fig. 6) . For the first time isolated wedges of collapsed tubular tissue was seen in the cortex (Fig. 7) . These areas caused "crowd- 
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* Numerator, number of mice bearing gross pyelonephritis lesions and denominator, number of mice harvested.
$ Combined adenovirus titer of normal and pyelonephritic kidneys.
hag" of glomeruli and depression of the cortical surface but no fibrosis was noted. No periglomerular fibrosis and no definite glomerular changes were observed. Adenovims intranudear inclusions were noted in tubular epithelial cells of kidneys harvested 4 to 70 days after virus infection. Normal mice and control mice injected with virus diluent had no descemible lesions other than rare, minimal, mononuclear cell infiltrates in the cortex, '
Pyelonephritis Induced by Intravenous Injection of E. coli in Mice Infected
with Mouse Adenovirus.--Three to 9 days following intraperitoneal injection of adenovirus, 25-gm mice were injected intravenously with E. coli. Kidneys were harvested 6 days after injection of E. coll. Virus and bacterial fitrations, and histological study of the kidneys were performed as described. Appropriate controls were included as indicated in Table III that summarizes the results of 9 experiments. Titrafions for adenovirus revealed that the presence of gross E. coli pyelonephritis lesions did not interfere with the demonstration of adenovirus. The adenovirus titers of normal and abscessed pairs of kidneys deter. mined separately never varied more than 1 logx0 TCIDs0. Therefore, adenovirus titers were usually determined by combining and extracting portions of kidney from similarly treated mice without regard to the presence of pyelonephritis or prior injection of E. coli.
One third of the mice that had been injected with E. coli after infection with adenovirus were found at harvest to have gross pyelonephritic abscesses in one or both kidneys. The results were clear cut in that these mice had a gross renal abscess or no lesion was visible in the gross or in histologic sections. Moreover, except in rare instances, bacterial titrations indicated that 10 e or greater numbers of E. coli per ml were present in all grossly abscessed kidneys whereas in normal appearing kidneys less than 101 E. coli were found.
Although the adenovirus-produced infiltrates in the kidneys increased significantly between 3 and 9 days after adenovirus infection, the incidence of bacterial pyelonephritis remained unchanged (about 33 per cent) whether E. coli was injected 3, 6, or 9 days after adenovirus.
Only 4 per cent of the mice injected with virus diluent and E. coli developed gross pyelonephritis. Cultures of normal appearing kidneys from virus diluent-E, coli injected mice were sterile or contained less than 1@ E. coli/ml tissue. Histologic studies of these normal appearing kidneys revealed either no lesion or only a few scattered mononuclear cells in the cortex.
Other mice used in control studies (injected with adenovirus and bacterial diluent or virus diluent and then bacterial diluent) developed no gross abscesses and histologic studies and titrafions revealed no evidence of E. coli. Adenovirus lesions were seen and adenovirus was recovered from control mice injected with adenovirus and bacterial diluent.
Course of E. coli Pyelonephritis Induced in Adenovirus Infected
Mice.--In two separate experiments, mice were injected with E. coli intravenously 6 days after intraperitoneal infection with adenovirus. Groups of mice were harvested 6, 12, and 18 days after injection of E. coli. Appropriate virus diluent-E, coli controls were included.
The results of both experiments, tabulated together in Table IV , indicate that although the pyelonephritis lesions persisted in the gross without change there was a decrease in E. coli recovered from the older lesions. No, or less than 10 ~, E. coli/ml were recovered from all normal appearing kidneys.
Kidney Histopathology of Adenovirus Infected Mice that Developed E. coli Pyelonephritis.--KJdneys of adenovirus infected mice were harvested 6, 12, and 18 days after E. coli injection. Histologic sections of the abscessed kidneys revealed extensive evidence of acute pyelonephrifis. The most noteworthy feature was that infection was almost always scattered throughout the kidney instead of being confined to several wedges of the kidney. Kidneys harvested 18 days after injection of E. coli revealed partial replacement of the polymorphonuclear cell infiltrate by mononuclear cells.
Pyelonephritis Induced by E. coli Injected Intravenously at Long Intervals after
Adenovirus.--Results of previous experiments indicated that adenovirus persisted in kidneys of infected mice at least 70 days after injection. To determine the long term effect of adenovirus infection on susceptibility to E. col{ infection, mice were injected intravenously with E. col{ 12, 24, 44, and 64 days after in- Table V indicate that the effect of adenovirus infection persisted for at least 64 days. Mice infected with E. coli 44 days after adenovirus infection did not develop gross pyelonephritis lesions even though adenovirus was present in the kidneys. However, the E. coli found in the gross normal kidneys of this group suggest that there were small loci of pyelonephritis present. Unfortunately, no histologic sections are available to determine whether or not this was the case.
F.SCHERICHIA COLI-INDUCED PYELONEPHRITIS
Retrograde Pyelonephritis in Mice Infected with Adenovirus.--Preliminary
experiments were undertaken to determine if E. coli injected into the posterior urethra of mice would reach the bladder and whether the inoeulum would reflux up the ureter to the kidney. For this purpose, a group of 16 male mice were injected with 0.5 ml of methylene blue or India ink marked E. coli using a polyethylene catheter to instill the inoculum into the posterior urethra near the bladder. Approximately one half of the inoculum leaked out the anterior urethra. E. coli reached the bladder in 50 per cent of the injected animals but in no instance was there evidence of reflux up the ureter. Rarely, instillation of E. coli caused trauma manifest by urethral bleeding. These traumatized mice were discarded. Groups of mice were infected with adenovirus or injected with virus diluent. Six days later E. coli was instilled into the posterior urethra. Six days after E. coli injection, kidneys were harvested, extracted, and titrated in the usual manner. As indicated in Table VI , a significant number of gross pyelonephritic lesions developed in adenovirus infected mice whereas none developed in the controls. Although the control mice did not develop gross evidence of E. coli pyelonephritis after retrograde instillation of E. coli, small amounts of E. coli were recovered from normal appearing kidneys.
Effect of Other Virus Infections on Susceptibility to Intravenously Injected E. coll.--The question naturally arose :--Was the effect of adenovirus infection
a property peculiar to adenovirus or would other viruses also decrease resistance to challenge with E. coli? Relatively few of the viuric viruses (of man) are convenient to work with in the laboratory because they are not pathogenic for the laboratory animals or they are difficult to work with in other ways. Semliki Forest virus and West Nile virus inoculated intraperitoneally in dilutions that did not kill mice, did not cause renal lesions; therefore, mice infected with these viruses were not challenged with E. coli. However, experiments revealed that herpes simplex rarely killed mice after intraperitoneal injection and that vaccinia virus could be injected in a suitable inoculum that did not kill mice upon intraperitoneal injection. 
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Groups of mice were therefore infected intraperitoneally with herpes simplex or vaccinia virus and challenged intravenously with 300 to 600 million E. coli 6 or 12 days after virus infection. One to 10 million TCIDs0 herpes simplex and 10 to 100 million pfu60 vaccinia virus were used as the inocula. Kidneys were harvested 6 days after injection of E. coli. The results, presented in Tables VII and VIII, indicate that both viruses decrease the resistance of the kidney to E. coli infection. Control mice, injected with virus diluent before E. coli challenge, developed no gross or histologic evidence of pyelonephrifis.
Histopathologic studies revealed that both viruses produced minimal mononuclear cell infiltrates usually confined to the cortex of the kidneys. The extent of the lesions observed was not at all comparable to the adenovirus induced lesions.
DISCUSSION
Two interesting findings have emerged from these experiments. First, the observations of Hartley and Rowe that mouse adenovirus produces lesions in kidneys of suckling mice (9) were extended to demonstrate that mouse adenovirus produces extensive and persistent lesions in the kidney of adult mice. Secondly, infection with adenovirus was shown to predispose the mouse kidney to develop pyelonephritis when the host was challenged either intravenously or by the retrograde route with E. coli.
The extensive and persistent nature of the renal lesions induced by mouse adenovirus raise the possibility that this virus may cause chronic renal disease in addition to making the kidney more susceptible to E.. coli pyelonephritis.
Other viruses, such as cytomegalovirus, canine adenovirus, and routine lymphocytic choriomeningitis (8, 12, 13) , produce mononuclear cell infiltrates in the renal cortex and medulla but only mouse adenovirus appears to produce impressive tubular changes. The adenovirus induced renal infiltrate is often so extensive that it might of itself interfere with normal renal function. When infiltrates are associated with tubular necrosis, dilatation, and collapse, it seems possible that the process may cause definite functional abnormalities as a manifestation of a type of chronic interstitial nephritis. The functional effects of mouse adenovirus on the kidney could not be conveniently studied in the mouse, however, canine adenovirus infection should be useful in exploring the long term effects of virus on renal function. Do other viruses cause histopathologic changes in the kidney? Are there functional sequelae? It seems probable that significant renal lesions are produced by viruric viruses other than murine and canine adenoviruses, cytomegalovirus, and lymphocytic choriomeningitis virus. Full exploration of the problem requires correlation of renal histopathology with renal function tests and demonstration of virus multiplication in the kidney. There are considerable difficulties involved in fulfilling these requirements yet the problem is an important one because some chronic nephropathies may be virus induced. Indeed there are indications that some virus infections do cause renal abnormalities. Cytomegalovirus produces extensive interstitial cellular infiltrates in the kidney of infants, but the fragmentary clinical data available do not define the effect of this virus on the kidney (8) . Microscopic hematuria, proteinuria, and transient changes in renal function have been reported to occur in mumps (7) . Hematuria was detected in almost 50 per cent of the patients studied in an epidemic of Echo 9 infection (6). The effects of human adenovirus infections on renal func-fion and susceptibility to pyelonephritis are being studied at the present time in this laboratory.
Adenovirus infection probably increases susceptibility to pyelonephritis in several ways. During the first 9 days after infection, the predominant virus induced lesions are mononuclear cell infiltrates without evident tubular damage. Increased susceptibility to F.. coli challenge at this stage may result from increased renal tissue pressure (14, 15) produced by the extensive cellular infiltrate. In addition, intracelIular multiplication and the "toxic" action of adenovirus may decrease resistance to infection by interfering with tubular cell metabolism (16) . The possible importance of intracellular viral multiplication in lowering resistance to challenge with E. co//is underlined by the findings in the experiments with herpes simplex and vaccinia. With both of these viruses, only minimal infiltrate occurred in the cortex of the kidney yet the presence of low titers of virus seemed to decrease significantly the resistance to E. co// challenge. The importance of the presence of virus rather than the cellular infiltrate was further emphasized because the decreased resistance to E. coli challenge seemed to parallel the presence of vaccinia or herpes simplex in the kidney. ]From 12 to 54 days after adenovirus infection, when signs of tubular disease (necrosis, dilatation, and collapse) are evident, over SO per cent of mice challenged with E. co//developed frank pyelonephritis in contrast to the 33 per cent incidence of pyelonephritis in mice challenged 3 to 9 days after adenovirns infection. The greater incidence of bacterial pyelonephritis at this time appears to reflect tubular obstruction and consequent increased renal tissue pressure that is believed to be the common denominator of increased susceptibility to pyelonephritis caused by sudden ureteral obstruction, renal artery or renal vein ligation, and electrocoagulation injury of the medulla (15).
SUMMARY
Mouse adenovirus causes a persistent infection in the mouse kidney that produces extensive mononuclear cell infiltrates in cortex and medulla. Tubular necrosis, dilatation, and occasional collapse occur but no glomerular changes or periglomerular fibrosis have been observed. Acute and chronic adenovirus infection of the kidney predispose the kidney to develop acute pyelonephritis when the mouse is challenged by the intravenous or retrograde route with
Escherichia coli.
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